Abstract: We report a new photonic microwave pulse generator using a phasemodulator-based Sagnac interferometer (PM-SI) and wavelength-to-time mapping in a dispersive element. The key significance of the proposed scheme is that the phase of the generated microwave pulse can be continuously tuned by adjusting the bias voltage applied to the PM. Thanks to the wide bandwidth of the PM, high-speed phase modulation of the microwave pulse can be realized. Moreover, the PM-SI is polarization independent, which means that the PM-SI is insensitive to the state of polarization of the input optical signal, ensuring a stable operation of the system. The proposed scheme is theoretically analyzed and experimentally verified.
Introduction
Generation of microwave pulses has been considered as a promising technique due to its widespread applications such as radars, electronic warfare systems, broadband wireless communication systems, and sensor networks [1] - [3] . Conventionally, microwave pulses are generated in the electrical domain using electronic circuitry [3] . However, the key limitation of electronic based methods is the low central frequency of the generated microwave pulse. In this context, photonic generation of microwave pulses has attracted much attention thanks to its many advantages, e.g., wide bandwidth, low loss, light weight, and immunity to electromagnetic interference [1] , [2] . Various methods have been proposed to generate microwave pulses. In [4] - [6] , microwave pulses were generated by truncating a continuous wave (CW) sinusoidal microwave signal into pulses using polarization modulators (PolMs) [4] , dual-parallel Mach-Zehnder modulator [5] , or dual-drive Mach-Zehnder modulator [6] . In these schemes, a reference microwave source is always required, which is expensive. Moreover, the frequency of the reference microwave signal is again restricted by the electronic bottleneck.
Photonic generation of microwave pulses without using any reference microwave source has been proposed based on optical spectral shaping and wavelength-to-time mapping in a dispersive element [7] - [12] . A temporal microwave pulse with a scaled version of the shaped optical spectrum can be generated. For the optical spectral shapers, a spatial light modulator (SLM) [7] , [8] or a fiber-optic spectral shaper [9] - [12] is usually used to tailor the optical spectrum of an ultra-short pulse. The key advantage of the SLM based spectral shaper is that the transmission response of the spectral shaper can be updated in real time. Thus, the generated microwave pulse is highly reconfigurable. The drawback associated with the SLM-based spectral shaper is that the spectral shaping is realized in free space. The fiber-to-space and space-tofiber connections make the system lossy, bulky, and complicated. On the other hand, fiberoptics based spectral shaper is a promising alternative which has the features such as small size, low loss, and potential of integration. For most of the fiber-optics based spectral shapers, their transmission responses are fixed once fabricated. Therefore, the phase of the generated microwave pulse is hardly tunable. In many applications such as pulse compression radars and wireless communication systems, phase-coded microwave pulses are highly desired. Recently, Zhang et al. demonstrated a microwave pulse generator with tunable phase using a PolMbased asymmetric Mach-Zehnder interferometer (AMZI) [12] . The key limitation of this method is that the PolM-based AMZI is polarization dependent, which is sensitive to the environmental fluctuations.
In this paper, we propose a new method to generate microwave pulses using phase modulator based Sagnac interferometer (PM-SI) and wavelength-to-time mapping in a dispersive element. The key advantage of the proposed scheme is that the phase of the generated microwave pulse can be continuously tuned by tuning the bias voltage applied to the PM. Moreover, high-speed phase modulation of the microwave pulse can be realized since the PM is a wide bandwidth device. Different from the PolM-based AMZI approach [12] , our scheme is polarization independent. Thus, no polarization control is required, ensuring a stable operation of the system. The proposed scheme is theoretically analyzed and experimentally verified.
Principle
The schematic diagram of the proposed microwave pulse generator is shown in Fig. 1 . Optical pulses from a mode-locked laser (MLL) are sent to a PM-SI which serves as an optical comb filter. A spool of single-mode fiber (SMF) is used as a dispersive element to realize wavelengthto-time mapping. After detecting by a photodetector (PD), microwave pulses are generated. In our scheme, the PM-SI consists of a 3-dB optical coupler (OC), a PM, and a length of polarization maintaining fiber (PMF). The PM is also a birefringent device. The transverse-electric (TE) axis of the PM is aligned with the fast axis of the PMF. The PM-SI works the same as a conventional birefringence SI except that a high-speed PM is incorporated in our SI. It has been proved that the birefringence SI is polarization independent [13] , [14] , which means that the transmission response of the birefringence SI is insensitive to the SOP of the input optical signal. The transmission response of the PM-SI can be simply expressed as [13] , [14] 
where Á' ¼ ' s À ' f is the phase difference between the two counter-propagating beams in the PM-SI, and ' s and ' f are the phases introduced by the slow and fast axes of the PMF and PM, respectively. We have
where ' B1 and ' V 1 are the phases which are induced by the birefringence of the birefringent elements (PMF and PM) and the bias voltage applied to the PM along the fast axis, respectively. Equation (2) can be expanded as
where L PMF , L PM , n f PMF , and n f PM are the length and the refractive index of the PMF and the PM along the fast axis, respectively. ! is the angular frequency of the input optical signal. c is the speed of light in vacuum. V is the bias voltage applied to the PM and V TE is the half-wave voltage of the PM for TE axis. Similarly, we have
where n s PMF , and n s PM are the refractive indices of the PMF and the PM along the slow axis, respectively. V TM is the half-wave voltage of the PM for transverse-magnetic (TM) axis. Substituting (2)- (4) to (1), we have
where ¼ V TE =V TM $ 1=3 for lithium-niobate material [15] . B PMF ¼ n s PMF À n f PMF and B PM ¼ n s PM À n f PM are birefringence of the PMF and PM, respectively. As can be seen from (5), the transmission response of the PM-SI is a periodic function of the angular frequency of the optical signal. The free spectral range (FSR) of the PM-SI is given by
where is the wavelength of the input optical signal. It can be tuned by changing the length of the PMF. In addition, the transmission response of the PM-SI can be continuously tuned without changing its shape and FSR by adjusting the bias voltage applied to the PM, V . After detecting by the PD, the generated microwave signal is given by
where D is the dispersion of the dispersive element in ps/nm. The carrier frequency of the generated microwave signal can be tuned by changing the length of the PMF or the dispersion of the dispersive element. Its phase can be continuously tuned by adjusting the bias voltage applied to the PM. As the PM is a wide bandwidth device, the phase of the microwave signal can therefore be modulated as fast as tens of GHz.
Experiments and Results
An experiment based on the configuration shown in Fig. 1 was carried out to generate a phase tunable microwave pulse. An optical signal from a MLL with repetition rate of 50 MHz was sent to the PM-SI. The measured optical spectrum of the input optical signal is shown in the inset of Fig. 1 . The PMF incorporated in the PM-SI has a length of 3.8 m and a birefringence of 6.5e À 4. The PM consists of a lithium-niobate crystal of 11 cm with birefringence of 7.5e À 3 and a 1.5 m PMF pigtails. The bandwidth of the PM is 40 GHz. The half-wave voltage of the PM for TE mode is 6 V. The overall differential group delay (DGD) of the PM-SI is $14.6 ps, resulting in a comb spacing of $0.55 nm for the PM-SI. The optical spectrum at the output of the PM-SI is shown in Fig. 2(a) . The original optical spectrum is sliced by the cosine transmission response of the PM-SI. The comb spacing is around 0.55 nm as expected. An 11.75 km SMF was used as a dispersive element to realize wavelength-to-time mapping. After detecting by a PD with a bandwidth of 40 GHz, the waveform of the generated microwave pulse was measured using a sampling oscilloscope. The measured waveform is shown in Fig. 2(b) . It is a scaled version of the sliced optical spectrum shown in Fig. 2(a) . The generated microwave waveform has a time duration of a few nanoseconds, which is related to the spectral bandwidth of the MLL and the dispersion of the dispersive element. To enlarge the time duration, MLL with wide bandwidth or supercontinuum sources and dispersive element with large dispersion such as linearly-chirped fiber Bragg grating (LCFBG) can be used. To generate microwave pulse with a time duration of up to a few microseconds, cascaded LCFBGs can be considered as an alternative solution. The electrical spectrum of the generated microwave pulse was measured using an electrical spectrum analyzer with a bandwidth of 40 GHz. Fig. 2(c) shows the measured electrical spectrum of the microwave pulse. The higher frequency components are centered at $9.1 GHz as expected. In principle, microwave pulses with carrier frequency up to 40 GHz can be generated. However, we only demonstrated the microwave pulses with carrier frequency of $9.1 GHz in our experiment due to the PMF and SMF available in our lab. It is noted that the generated microwave waveform only contains several cycles, resulting in broad electrical spectrum. In order to obtain optical comb filter with smaller FSR, longer PMF should be used. The problem associated with the use of longer PMF is that the PMF is sensitive to the environmental variations, leading to the change of the FSR of the optical comb filter and the instability of the carrier frequency of the generated microwave signal. It has been reported that the carrier frequency of the microwave pulse generated using frequency-to-time mapping is tunable by adjusting a delay parameter within the interferometers [16] - [18] . However, the tuning of the carrier frequency of the microwave pulse is not flexible for our scheme since it requires the change of the generation setup, including the PMF and the SMF. It is also worth noting that with changing the carrier frequency of the microwave pulse by changing the length of the SMF, the bandwidth of the generated microwave pulse will be changed, which is undesirable in many applications.
A key significance of the proposed approach is that the phase of the generated microwave pulse can be tuned by adjusting the bias voltage of the PM. The measured waveforms with phase shifts of 0°, 90°, 180°, and 270°are shown in Fig. 3(a)-(d) . For clarity, the microwave waveforms shown in Fig. 3 are zoom-in views of that shown in Fig. 2(b) with a relabeled time axis. In order to investigate the polarization dependence of the proposed microwave pulse generator, a polarization controller (PC) was inserted between the MLL and the PM-SI to adjust the SOP of the input optical signal. In the experiment, the SOP of the input optical signal was randomly changed, similar waveforms were observed. We randomly chose three SOPs of the input optical signal to show the polarization independence of the system. Fig. 4 shows the SOPs of the input optical signal in the Poincaré sphere. Fig. 4(a1)-(c1) indicate the corresponding polarization ellipses and the Stokes vector parameters. In addition, the corresponding waveforms are shown in Fig. 4(a2) -(c2) which are zoom-in views of that shown in Fig. 2(b) with a relabeled time axis. As can be seen, no obvious changes with respective to the amplitude and phase of the microwave waveforms are observed. This is the key difference between our scheme and that reported in [12] , where the SOP of the input optical signal has to be aligned at exact 45°w ith respective to the principal axis of the PolM-based AMZI. Moreover, the PolM-based AMZI itself is polarization dependent, which makes the system very sensitive to the environmental fluctuations. Since the proposed scheme is independent of the SOP of the input optical signal, the stability of the system can be ensured. Fig. 5 shows the measured amplitude of the microwave waveforms versus time in 45 minutes. The amplitude fluctuation is within 0.024 mV, which shows the excellent stability of the system.
In our PM-SI, the PM has a bandwidth up to 40 GHz, which means that the phase of the microwave pulse can be modulated with a high speed. Unfortunately, it is not possible to synchronize the clock of the MLL with a high-speed pulse pattern generator (PPG). Thus, high speed phase modulation of the microwave pulse cannot be captured using our sampling oscilloscope. Alternatively, we carried out the other experiment to show the possibility of high-speed phase modulation of the microwave pulses. The MLL was replaced by a CW optical source. The wavelength of the CW light was located between the notch and the adjacent peak of the transmission response of the PM-SI. If the transmission response of the PM-SI can be changed in a high speed, the CW light will be intensity modulated with the same speed. In this experiment, a fixed binary pattern "0101" at 13.5 Gb/s (the maximum data rate available in our lab) from the PPG was applied to the PM, as shown in Fig. 6(a) . The electrical waveform measured at the output of the PD is shown in Fig. 6(b) . As can be seen, the intensity of the CW light is modulated at the speed of 13.5 Gb/s. It means that the transmission response of the PM-SI can be changed in a high speed which makes the high-speed phase modulation of the microwave pulse possible. It is worth noting that the voltage required to achieve 2 phase shift is very high (18 V) for the PM used in our scheme, which is power consuming. In order to reduce the driving voltage, the PM can be replaced by a PolM which is a special PM that supports phase modulation on both TE and TM modes with opposite phase modulation indices [19] . A typical half-wave voltage of the PolM is 3.5 V. Therefore, the voltage required to realize 2 phase shift of the generated microwave signal is only 3.5 V for the PolM.
Conclusion
We have demonstrated a new method to generate microwave pulses based on a PM-SI and wavelength-to-time mapping in a dispersive element. The PM-SI consists of an OC, a length of PMF, and a PM. The key significance of our approach is that the phase of the generated microwave pulse can be continuously tuned by adjusting the bias voltage applied to the PM. Since the PM is a device with wide bandwidth, high-speed phase modulation of the microwave pulse can be realized. Moreover, the PM-SI is insensitive to the SOP of the input optical signal, which is very practical in real applications. The proposed method is theoretically analyzed and experimentally verified.
